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HIGHLIGHTS 


•  Ti-substituted  Li2Mn03  before  and  after  reduction  was  characterized. 

•  The  transition  metal  distribution  was  clarified  by  STEM— EELS  in  Ti-substituted  Li2Mn03. 

•  The  valence  state  of  Ti  and  Mn  was  clarified  by  EELS  with  high  energy  resolution. 

•  Spatial  distribution  of  valence  state  of  Mn  was  visualized  by  STEM-EELS  method. 
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40%-titanium  substituted  Li2Mn03  (Lii+x(Tio.4Mno.6)i_x02,  0  <  x  <  1/3)  before  and  after  carbothermal 
reduction  was  characterized  by  annular  dark  field  scanning  transmission  electron  microscopy  (ADF- 
STEM)  and  electron  energy-loss  spectroscopy  (EELS)  to  investigate  the  effects  of  the  pre-reduction 
treatment.  EELS  spectra  with  high  energy  resolution  using  monochromator  clearly  reveal  the  appear¬ 
ance  of  reduced  Mn  ions  after  the  reduction  process.  The  spatial  distribution  of  the  reduced  phase  was 
visualized  by  multi-linear  least-squares  (MLLS)  fitting  method  using  Mn  L-edge  energy-loss  near-edge 
structure  (ELNES).  The  morphology  change  of  a  primary  particle  was  observed  around  the  Mn  reduction 
phase. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Rechargeable  lithium-ion  batteries  are  key  components  of 
portable  electronic  equipments,  electric  vehicles,  energy  storage 
devices  for  renewable  energy,  etc.  The  high  energy  and  power 
densities  have  been  indispensable  for  applications  for  such  devices. 
As  a  new  high  energy  density  positive  electrode  materials,  it  has 
been  reported  that  the  Li-rich  solid-solution  layered  positive  elec¬ 
trode  materials  denoted  as  Li2Mn03-LiM02  (M  =  Cr,  Mn,  Fe,  Co,  Ni) 
[1,2]  exhibit  capacity  higher  than  250  mAh  g-1  at  2.0-4.8  V  region 
[2-5  .  Among  transition-metal  elements,  Fe  or  Ti  is  attractive 
because  they  are  abundant  and  inexpensive  resources  [5,6  .  The 
mechanism  of  such  high  performance  of  this  kind  of  positive 
electrode  materials  has  not  yet  been  clarified. 
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Recently,  it  has  been  reported  that  Ti-substituted  L^MnC^  also 
exhibit  high  capacity,  and  especially,  pre-reduction  treatment 
(carbothermal  reduction)  improves  the  initial  cycle  efficiency  and 
cycle  performance  [6].  At  present,  the  performance  of  Ti- 
substituted  Li2Mn03  as  cathode  electrode  is  not  necessarily  supe¬ 
rior  to  Fe-substituted  Li2Mn03  for  example,  while  we  deal  with  Ti- 
substituted  Li2Mn03  in  this  work  because  of  their  interesting 
electrochemical  performance;  reduced  Mn  ions  by  the  pre¬ 
reduction  can  be  re-oxidized  to  tetravalent  state  above  3.5  V  on 
initial  charging,  which  was  more  clearly  seen  than  Fe-substituted 
one  in  our  previous  study  [6  .  In  addition,  Ti-substituted  Li2Mn03 
is  of  much  importance  in  the  viewpoint  of  material  design  of 
Li2Mn03-based  positive  electrode  material.  Conventionally,  cations 
with  valence  states  less  than  3+  like  Cr,  Fe,  Co  and  Ni  are  added  as 
active  elements  as  LiM02  component  in  Li2Mn03-LiM02.  In  the 
case  of  Ti-substituted  Li2Mn03,  reduced  Mn  ions  play  the  same  role 
as  the  activate  elements,  and  Ti  ions  seem  to  act  as  simple  con¬ 
stituent  element  of  Li2M03  or  to  be  effective  in  avoiding  the  for¬ 
mation  of  impurity  phases  like  LiMn02  or  MnO  [6]. 
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Fig.  1.  XRD  pattern  of  Lii+x(Tio.4Mn0.6)i-x02  samples  before  (a)  and  after  (b)  the  car- 
bothermal  reduction. 


Understanding  of  the  role  of  the  pre-reduction  process  is  an 
important  clue  to  clarify  the  electrochemical  activation  phenomena 
of  Li-rich  solid-solution  layered  positive  electrode  materials. 
Characterization  of  fine  structure  in  nano  and  atomic  scale  is  sig¬ 
nificant  to  study  the  activation  mechanism  during  the  charge  and 
discharge  run  of  the  Li2Mn03-LiM02  positive  electrode  materials. 
Analytical  transmission  electron  microscopy  (TEM)  method  is  one 
of  the  most  powerful  techniques  to  investigate  the  morphology, 
compositions  and  electronic  structure  of  each  particle  or  each  local 
region  of  electrode  materials.  Especially,  electron  energy-loss 
spectroscopy  (EELS)  is  suitable  for  estimation  of  valence-state  dis¬ 
tribution  of  constituent  transition-metal  atoms  in  positive  elec¬ 
trode  materials. 

In  this  report,  we  focused  on  the  fine  structure  characterization 
of  40%  Ti-substituted  L^MnCU  positive  electrode  material  (Lii+X(- 
Tio.4Mno.6)i-*02,  0  <  x  <  1/3)  before  and  after  the  carbothermal 
reduction,  by  using  aberration-corrected  analytical  TEM.  We 
applied  the  high  energy  resolution  EELS  by  monochromator  for  the 
estimation  of  valence-state  distribution  of  constituent  transition- 


specific  capacity/  mAh  g-1 


Fig.  2.  Initial,  second,  and  10th  charge  and  discharge  curves  at  30  °C  for  Li/Lii+X(- 
Tio.4Mno.6)i-x02  cells  using  samples  before  (a)  and  after  (b)  the  carbothermal 
reduction. 

metal  ions  in  the  positive  electrode  materials  after  the  carbo¬ 
thermal  reduction. 

2.  Experimental 

Experimental  samples  were  synthesized  using  four-step  pro¬ 
cesses  comprising  co-precipitation,  hydrothermal  reaction,  calci¬ 
nation  in  air,  and  carbothermal  reduction  in  an  N2  atmosphere.  The 
final  transition  metal  ratio  can  be  adjusted  by  nominal  mixing  one 
of  iron  (III)  nitrate  (Fe(N03)3  -9H20,  Wako  Pure  Chemical)  and  ti¬ 
tanium  (IV)  sulfate  (30%  Ti(S04)2  soln.,  Wako  Pure  Chemical).  The 
obtained  sample  was  reduced  by  the  carbothermal  process  using 
sucrose  in  order  to  improve  the  initial  cycle  efficiency  and  cycle 
performance.  The  details  about  the  preparation  and  carbothermal 
reduction  process  are  described  in  our  previous  report  [6  .  The 
sample  quality  was  checked  using  X-ray  diffraction  (XRD)  mea¬ 
surements.  The  XRD  data  were  obtained  by  an  X-ray  diffractometer 
(Rotaflex  RU-200B/RINT;  Rigaku).  Computer  program  (RIETAN- 
2000  [7  )  was  used  for  X-ray  Rietveld  analysis. 

The  samples  before  and  after  the  carbothermal  reduction  was 
observed  by  analytical  TEM  (JEOL  JEM-3000F)  and  aberration- 
corrected  analytical  TEM  (FEI,  Titan3  G2  60-300)  equipped  with 
monochromator  and  Gatan  Quantum  EELS  spectrometer.  The 
powder  samples  were  directly  dispersed  on  the  holey  carbon 
micro-grid  on  Cu  mesh  without  solvent.  The  Cu  mesh  was  set  in  the 
double  tilt  specimen  holder.  High-resolution  annular  dark  field 
scanning  transmission  electron  microscopy  (ADF-STEM)  images  are 
obtained  with  the  collection  angle  range  of  56-298  mrad.  The 
STEM-EELS  spectrum  imaging  data  set  was  obtained  by  the  0.1- 
0.2  s  pixel'1.  The  full  width  at  half  maximum  (FWHM)  of  the  zero 
loss  peak  was  approximately  0.2  eV  for  short  acquisition  time. 
Noise  in  spectra  was  reduced  from  the  data  set  of  spectrum  imaging 
by  principal  component  analysis  (PCA)  program  (HREM  Research 


Table  1 

X-ray  diffraction  Rietveld  refinement  results  for  Ti-substituted  Li2Mn03  before  and  after  carbothermal  reduction. 


Sample 

a/ A2 

bfk2 

cl  A2 

0/° 

V/A 3 

1.  Lii+x(Ti0.4Mn0.6)i-xO2  before  reduction 

2.  Lii+x(Ti0.4Mno.6)i-x02  after  reduction 

5.0006(14) 

5.0041(14) 

8.6277(16) 

8.6143(17) 

5.0580(9) 

5.0512(11) 

109.292(21) 

109.262(25) 

205.965(79) 

205.555(84) 

M  =  Ti,  Mn,  Unit  cell:  monoclinic  C2/m. 

Sample  1:  Reliability  factors,  Rwp  =  17.80,  goodness  of  fit  indicator,  S  =  2.355. 
Sample  2:  Reliability  factors,  Rwp  =  13.21,  goodness  of  fit  indicator,  S  =  1.735. 
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Inc.)  on  Gatan  Digital  micrograph  software.  The  distribution  of 
quasi  valence  state  of  Mn  was  obtained  by  multi-linear  least- 
squares  (MLLS)  fitting  method  [8  . 

3.  Results  and  discussion 

3.1.  Morphology  and  atomic  structure 

Fig.  1  shows  X-ray  diffraction  (XRD)  pattern  of  Lii+X(- 
Tio.4Mno.6)i-x02  samples  (0  <  x  <  1/3)  before  and  after  the  carbo- 
thermal  reduction.  All  the  diffraction  peaks  belong  to  monoclinic 
Li2Mn03-type  (C2/m)  structure.  Although  the  peak  positions  are 
almost  the  same,  each  peak  is  broadened  after  the  reduction.  The  re¬ 
sults  of  Rietveld  refinement  are  shown  in  Table  1.  The  Rietveld  ana¬ 
lyses  clarified  the  substitutional  occupancy  of  Li  (2b  site)  by  transition 
metal  atoms,  which  was  slightly  increasing  after  the  reduction.  This 
result  indicates  a  certain  degree  of  randomness  of  the  Li  and 
transition-metal  atoms  in  the  crystal,  which  is  induced  by  the 
reduction.  The  average  transition  metal  occupancy  per  chemical  for¬ 
mula  also  increased  after  reduction.  Namely,  oxygen  atoms  were 
desorbed  to  some  extent  after  reduction  process.  The  following  results 
were  obtained  from  the  chemical  analysis.  While  the  ratio  of  Ti  and  Mn 
is  maintained  after  the  reduction,  the  quantity  of  Li  atoms  compared  to 
that  of  transition-metal  atoms  in  the  crystal  is  decreased  from  1.98  to 
1.48.  Nominal  compositions  were  Lii+x(Tio.4Mno.6)i-xC>2(x  =  0.329) 


and  Lii+x(Tio.4Mno.6)i-x02(*  =  0.194)  before  and  after  the  reduction, 
respectively,  which  can  be  also  expressed  as  0.987Li[Lii/3M2/3]O2- 
0.013LiM02  and  0.582Li[Li1/3M2/3]O2-0.418LiMO2  (M  =  Ti,  Mn), 
respectively.  Thus  the  mean  value  of  oxidation  state  of  Mn  is 
decreased. 

Fig.  2  shows  the  initial,  second,  and  10th  charge  and  discharge 
curves  for  Lii+x(Tio.4Mno.6)i-x02  samples  before  and  after  the 
reduction.  Detailed  charge  and  discharge  conditions  for  the  elec¬ 
trochemical  measurements  were  described  in  our  previous  report 
[6].  By  the  reduction,  the  initial  charge  capacity  decreases  from 
365  to  281  mAh  g-1,  while  the  initial  discharge  capacity  increases 
from  205  to  225  mAh  g-1,  indicating  the  better  initial  cycle  effi¬ 
ciency.  The  decrease  of  Li2M03  component  and  the  increase  of 
LiM02  after  the  reduction  should  be  responsible  for  the  decrease 
of  the  initial  charge  capacity.  This  decrease  should  be  also 
explained  first  by  the  decreased  Li  quantity  in  the  electrode  by  the 
reduction,  and  second  by  the  decreased  contribution  of  oxygen  in 
charging  process  by  the  reduction  treatment.  The  cycle  perfor¬ 
mance  until  10th  cycle  was  improved  by  the  reduction.  The  initial 
charge  capacity  below  4.5  V  was  also  improved  from  10  to 
50  mAh  g-1.  This  feature  suggests  that  Mn3+  ions  formed  by  the 
carbothermal  reduction  can  participate  in  the  initial  charge  reac¬ 
tion  below  4.5  V. 

Typical  low-magnification  TEM  images  of  the  samples  before 
and  after  the  carbothermal  reduction  are  presented  in  Fig.  3.  The 


Fig.  3.  TEM  and  AD F- STEM  images  of  Lii+x(Tio.4Mn0.6)i-x02  particles  before  and  after  the  carbothermal  reduction.  TEM  images  before  (a)  and  after  (b)  the  reduction.  Enlarged  TEM 
(c)  and  ADF-STEM  (d)  images  after  the  reduction. 
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size  of  primary  particles  is  approximately  50-300  nm.  Polygonal¬ 
shaped  and  well-faceted  particles  having  flat  surfaces  are  often 
observed  in  TEM  as  shown  in  Fig.  3a  and  b.  The  apparent  difference 
before  and  after  the  reduction  is  not  observed  in  these  TEM  images. 
The  particles  presenting  complicated  diffraction  contrasts  due  to 
crystalline  defects  or  surface  defects  are  often  observed  in  the 
sample  after  the  reduction  as  shown  in  Fig.  3c.  The  contrast  is 
caused  by  the  porous  structure  of  the  particle  as  examined  by  the 
ADF-STEM  image  in  Fig.  3d.  The  irregular  contrast  is  observed  at  the 
particle  with  porous  structure  as  indicated  by  an  arrow,  while  the 
particles  in  the  left-hand  side  show  uniform  contrast.  Note  that  the 
value  of  the  BET  surface  area  is  changed  from  18.0  to  24.4  m2  g-1 


before  and  after  the  reduction.  The  porous  particle  is  often 
observed  in  the  sample  after  the  reduction,  while  such  particles  are 
not  observed  in  the  sample  before  the  reduction.  Similar  structure 
was  observed  in  Fe-substituted  Li2Mn03  particles  after  charge  and 
discharge  [9].  EELS  analyses  also  revealed  that  the  structure  change 
is  caused  by  extraction  of  oxygen  from  Fe-substituted  Li2Mn03 
particles  during  charging  process  [10].  Thus  similar  phenomenon  is 
expected  in  the  present  Lii+x(Tio.4Mno.6)i-x02  particles. 

Fig.  4  indicates  the  high-magnification  ADF-STEM  images  of 
Lii+x(Tio.4Mno.6)i-x02  before  (Fig.  4a  and  b)  and  after  the  carbo- 
thermal  reduction  (Fig.  4c  and  d)  taken  along  the  [010],  and  [110]  or 
[100]  zone  axes  (monoclinic,  C2/m).  The  schematic  drawings  of  the 
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Fig.  4.  High-resolution  ADF-STEM  images  of  Lii+x(Ti0.4Mn0.6)i-xO2  particles  before  and  after  the  carbothermal  reduction,  (a)  [010]  and  (b)  [100]  or  [110]  zone  axis,  before  the 
reduction,  (c)  [010]  and  (d)  [100]  or  [110]  zone  axis,  after  the  reduction,  and  (e)  schematic  drawings  of  the  projected  crystal  structures  along  [010],  [100]  or  [110]  zone  axis. 
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crystal  structure  along  the  [010],  [110]  and  [100]  axes  are  also 
indicated  in  Fig.  4e.  Fig.  4b  and  d  was  obtained  from  the  areas 
where  the  value  of  Ti/(Ti  +  Mn)  was  44  ±  2.0%  and  43  ±  4.8%, 
respectively.  These  values  are  near  to  the  average  in  Lii+X(- 
Tio.4Mno.6)i-x02.  The  bright  spots  in  the  ADF-STEM  images  directly 
correspond  to  the  atomic  columns  of  transition-metal  atoms,  and 
oxygen  and  lithium  columns  are  not  detected  in  these  ADF-STEM 
images.  The  ADF-STEM  images  in  Fig.  4b  and  d  indicate  the  close¬ 
packing  lattice  ordering  Li  and  transition  metal  structure  in  two 
dimensional  V3  x  yj3  structure  as  shown  in  previous  reports  [Il¬ 
ls].  Similar  structure  also  observed  in  our  samples.  The  disor¬ 
dered  transition-metal  ion  distribution  of  closed  packing  lattice 
and  stacking  faults  are  also  observed  directly  in  the  ADF-STEM 
image  as  indicated  by  large  arrows  in  Fig.  4b  and  d.  Fluctuation  of 
ordered  structure  is  also  observed  in  the  image.  Although  stacking 
faults  can  be  interpreted  as  the  partially  formed  C2/c  structure,  it  is 
difficult  to  distinguish  two  crystalline  structures  in  such  a  local 
region.  The  pair  of  two  bright  contrasts  indicated  by  small  arrows  is 
the  transition  metal  atomic  columns,  and  the  dark  regions  between 
the  transition  metal  pairs  correspond  to  the  Li  atomic  columns  (2b 
site)  in  the  closed-packing  layer.  Although  the  bright  contrast  is  not 
seen  at  the  dark  region  when  the  complete  ordered  structure  is 
formed  in  the  closed-packing  layer,  the  bright  contrast  often 


appears  in  some  atomic  layer  as  indicated  by  a  large  arrow.  This 
means  that  Li  sites  (2b  site)  in  the  closed-packing  layer  are  occupied 
by  transition  metals.  The  significant  differences  are  not  observed  in 
basic  crystalline  structure  in  atomic  scale.  Although  the  disordered 
structure  is  notable  in  Fig.  4d  as  indicated  by  arrows,  the  conclusion 
whether  the  lattice  defects  are  increased  after  the  reduction 
treatment  should  be  derived  after  the  statistical  analysis  of  many 
images,  because  the  ADF-STEM  images  are  just  recorded  at  limited 
local  regions.  The  apparent  displacement  of  transition-metal  atoms 
to  Li  sites  (2c  or  4h  site)  is  not  observed  in  the  HAADF-STEM  image 
which  was  observed  in  the  Li[Nio.i7Lio.2Coo.o7Mno.56]02  sample  af¬ 
ter  charge  [13  .  Because  a  small  amount  of  transition-metal  atoms 
seems  to  be  moved  to  the  lithium  layers,  it  was  not  detected  in  ADF- 
STEM  for  the  Lii+x(Tio.4Mno.6)i-x02  particle  after  the  reduction, 
while  the  XRD  analyses  indicate  that  the  amount  of  transition- 
metal  atoms  moved  to  Li  layers  is  increasing  after  the  reduction. 

3.2.  Distribution  ofTi  and  Mn 

EELS  measurements  were  carried  out  for  both  the  samples. 
Residual  carbons  originated  from  sucrose  are  occasionally  observed 
on  the  surface  of  Lii+x(Tio.4Mno.6)i-xC>2  particles  after  the  reduc¬ 
tion.  Fig.  5  shows  the  results  of  EELS  measurement  of 


440  460  480  500  520  540  560  580  600  620  640  660  680 

Energy  Loss  /  eV 


Fig.  5.  Elemental  mapping  and  EELS  spectra  of  a  Lii+x(Ti0.4Mn0.6)i-xO2  particle  before  the  reduction,  (a)  ADF-STEM  image,  (b)  transition-metal  distribution  mapping,  and  (c)  EELS 
spectra  from  the  white  rectangle  areas  1  and  2  in  (b). 
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Lii+x(Tio.4Mno.6)i-x02  before  the  reduction.  The  EELS  spectra  were 
measured  with  the  0.25  eV  energy  dispersion  in  order  to  obtain  Ti  L 
edge,  O  I<  edge  and  Mn  L  edge  in  2048  CCD  channel.  Fig.  5b  shows 
the  transition-metal  distribution  by  the  STEM-EELS  spectrum  im¬ 
aging  method  [16,17  for  the  area  indicated  by  a  white  rectangle  in 
the  ADF-STEM  image  of  Fig.  5a.  The  elemental  mapping  of  the 
relative  transition-metal  concentration,  Ti/(Ti  +  Mn)  value,  shows 
that  Ti  and  Mn  are  not  uniformly  distributed  in  nano-scale  within  a 
primary  particle,  which  is  quite  similar  to  Fe-substituted  Li2Mn03 
[16].  Fig.  5c  shows  corresponding  EELS  spectra  from  the  white 
squares  1  and  2  in  Fig.  5b,  where  the  ratio  of  the  intensities  of  Ti  L- 
edge  and  Mn  L-edge  peaks  is  quite  different  for  the  two  sites. 

Moreover,  it  is  also  revealed  that  the  distribution  of  each 
transition-metal  concentration  is  not  random  or  isotropic  in  a  pri¬ 
mary  particle.  The  anisotropy  of  transition-metal  distribution  is 
observed  in  Fig.  5b.  The  distribution  is  suddenly  changed  along  a 
specific  direction  as  indicated  by  an  arrow  in  Fig.  5b.  The  direction  is 
[103],  (monoclinic, C2/m)  which  was  confirmed  by  an  atomically- 
resolved  high-resolution  ADF-STEM  image  of  this  particle.  This 
direction  is  almost  perpendicular  to  the  (001)  plane  as  the  closed- 
packed  plane  in  the  monoclinic  L^MnC^  crystal.  The  present  result 
implies  that  the  interaction  between  the  close-packing  layers  is 
relatively  weak  and  the  fluctuation  of  the  composition  easily  occurs 
on  the  (OOl)-plane  stacking  direction.  Note  that  the  (001)  atomic 
plane  or  (001 )  surface  has  special  characters  as  frequent  observa¬ 
tions  of  (001)  stacking  faults  and  large  (001)  surface  facets  in 


primary  particles.  The  space  group  of  pure  L^MnOs  and  L^TiOs  is 
C2/m  and  C2/c  respectively,  and  the  lattice  constants  and  ionic 
radius  of  Mn4+(0.530  A)  and  Ti4+(0.605  A)  are  also  greatly  different 
from  each  other.  Therefore,  it  is  hard  to  form  the  complete  solid 
solution  between  L^MnC^  and  Li2Ti03,  resulting  in  the  composi¬ 
tional  fluctuation,  associated  with  (001)  stacking  faults  nearly 
perpendicular  to  the  [103]  direction. 

Fig.  6  shows  the  results  of  EELS  measurement  of  Lii+X(- 
Tio.4Mno.6)i-x02  after  the  reduction.  Fig.  6b  shows  the  transition- 
metal  distribution  by  the  STEM-EELS  spectrum  imaging  method 
for  the  area  indicated  by  a  white  rectangle  in  the  ADF-STEM  image 
of  Fig.  6a.  The  feature  of  the  distribution  is  basically  similar  to  that 
before  the  reduction  process  in  Fig.  5b.  The  distribution  of  transi¬ 
tion  metals  suddenly  changes  along  the  [103]  direction,  similarly. 
This  indicates  that  drastic  changes  in  the  transition-metal  distri¬ 
bution  do  not  occur  by  the  reduction  treatment. 

3.3.  Valence  states  of  Ti  and  Mn 

The  valence  state  of  transition-metal  atoms  is  important  for  the 
electrochemical  properties  of  positive  electrode  materials  for 
extraction  and  insertion  of  Li  ions.  The  EELS  measurement  with 
high  energy  resolution  for  the  Ti  and  Mn  L-edge  energy-loss  near¬ 
edge  structure  (ELNES)  was  applied  to  particles  before  and  after  the 
reduction,  and  those  with  uniform  contrast  and  with  irregular 
contrast,  respectively.  Fig.  7  shows  Ti  L-edge  ELNES  obtained  from 
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Fig.  6.  Elemental  mapping  and  EELS  spectra  of  a  Lii+x(Ti0.4Mn0.6)i-xO2  particle  after  the  carbothermal  reduction,  (a)  ADF-STEM  image,  (b)  transition-metal  distribution  mapping, 
and  (c)  EELS  spectra  from  the  white  rectangle  areas  1  and  2  in  (b). 
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Fig.  7.  Ti  L-edge  EELS  spectra  obtained  from  Li1+x(Tio.4Mn0.6)i-x02  particles  before 
(spectrum  1)  and  after  the  reduction  (spectra  2  and  3).  Spectra  2  and  3  were  obtained 
from  the  particles  with  uniform  and  irregular  contrasts  in  the  ADF-STEM  image, 
respectively. 


the  particle  before  the  reduction  (spectrum  1)  and  from  the  parti¬ 
cles  after  the  reduction  with  uniform  contrast  (spectrum  2)  and 
irregular  contrast  (spectrum  3).  The  Ti  L  edge  is  mainly  reflecting 
the  electron  transition  from  Ti-2p  to  Ti-3d  unoccupied  states.  The 
sharp  four  peaks  caused  by  the  spin  orbit  interaction  and  crystal 
field  18]  are  observed  clearly  due  to  the  high  energy  resolution  by 
monochromator.  The  characteristic  four  peaks  are  usually  observed 
for  the  Ti4+  surrounded  by  six  oxygen  atoms  with  octahedral  co¬ 
ordination,  such  as  rutile  and  anatase  Ti02.  There  is  no  significant 
difference  in  these  Ti  L-edge  ELNES  and  it  can  be  concluded  that 
most  Ti  atoms  remain  as  Ti4+  even  after  the  reduction  treatment. 
This  result  is  consistent  with  the  result  by  X-ray  absorption  near¬ 
edge  structure  (XANES)  measurement  reported  before  [6]. 
Regardless  of  the  local  compositional  variations  of  the  transition 
metals,  Ti  atoms  were  Ti4+  in  all  measured  areas. 

Fig.  8  shows  the  ADF-STEM  image  of  Lii+x(Tio.4Mno.6)i-x02 
particles  after  the  reduction  and  the  Mn  L-edge  EELS  spectra  ob¬ 
tained  from  the  sample  before  and  after  the  reduction.  The  spectra 
1  and  2  in  Fig.  8b  were  derived  from  white  rectangle  areas  1  and  2 
indicated  in  the  ADF-STEM  image  in  Fig.  8a.  In  the  ADF-STEM  im¬ 
age,  the  contrast  is  not  uniform  in  the  central  particle  due  to  porous 
structure,  while  the  particles  in  both  sides  present  uniform 
contrast.  The  fine  structure  of  spectrum  2  from  the  porous  particle 
is  apparently  different  from  the  spectrum  1  of  the  particle  with 
uniform  contrast.  It  was  confirmed  that  the  energy  drift  during 
measurement  is  negligible  in  this  experiment.  The  ELNES  of  spec¬ 
trum  1  is  the  same  as  the  spectrum  obtained  from  the  sample 
before  the  reduction,  expressed  by  a  red  line  in  Fig.  8b,  in  which  the 
Mn  atoms  are  Mn4+  [19]  as  reported  by  chemical  analysis.  The  peak 
positions  and  the  shape  of  the  spectrum  2  are  apparently  different 
from  the  spectrum  1.  The  high  energy  resolution  EELS  with 
monochromator  revealed  the  fine  structure  of  EELS  spectra  clearly. 
The  characteristic  peak  of  Mn4+  at  641  eV  could  be  clearly  identified 
which  was  appearing  as  shoulder  of  the  large  peak  at  643  eV  by 
conventional  EELS  with  the  energy  resolution  of  about  1  eV.  The 
EELS  spectrum  indicates  that  the  reduced  Mn  atoms  exist  at  the 


a 


100  nm 


Energy  Loss  /  eV 


Fig.  8.  ADF-STEM  image  of  Lii+x(Ti0.4Mn0.6)i-xO2  particles  after  the  reduction,  and  Mn 
L-edge  EELS  spectra  before  and  after  the  reduction,  (a)  ADF-STEM  image,  (b)  Mn  L-edge 
EELS  spectra  from  the  particle  before  the  reduction  (red  line)  and  the  particles  after  the 
reduction  with  uniform  contrast  (spectrum  1)  and  porous  structure  (spectrum  2).  (For 
interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to 
the  web  version  of  this  article.) 


corresponding  area.  Although  the  strong  electron  beam  irradiation 
often  causes  the  reduction  of  transition  metal  oxide,  such  effect  was 
carefully  reduced  in  this  experimental  condition. 

The  XANES  spectra  revealed  that  reduced  Mn  ions  are  slightly 
generated  by  the  reduction  treatment  in  our  previous  report  6]. 
Although  it  is  difficult  to  compare  the  amount  of  reduced  Mn  atoms 
quantitatively  between  the  results  by  STEM-EELS  and  XANES,  the 
present  STEM-EELS  result  does  not  contradict  the  XANES  result.  It  is 
important  to  elucidate  the  location  of  reduced  phases  in  nano-scale 
by  electron  microscopy,  which  could  not  be  clarified  by  XANES.  The 
valence  state  of  Mn  was  estimated  by  the  intensity  ratio  of  Mn  I2 
and  L3  edges  in  our  previous  report  [16  ,  but  in  present  experiment, 
the  valence  state  of  Mn  is  apparently  identified  in  ELNES  due  to  the 
high  energy  resolution  as  indicated  in  Fig.  8b.  Therefore  the  MLLS 
fitting  method  can  be  applied  to  the  mapping  of  the  valence  state  of 
Mn.  Fig.  9  shows  the  ADF-STEM  image  and  the  corresponding  quasi 
valence-state  map  of  Mn  atoms  in  the  sample  obtained  from  the 
spectra  1  and  2  indicated  in  Fig.  8b.  In  Fig.  9b  and  c,  the  coefficient 
value  of  each  component  of  spectra  1  and  2  is  mapped  two- 
dimensionally.  The  distribution  of  reduced  Mn  atoms  (component 
2)  is  dominantly  observed  in  the  central  particle  with  porous 
structures,  while  the  particles  in  the  both  sides  are  mainly 
composed  of  Mn4+  component  (component  of  spectrum  1).  The 
Mn4+  components  also  exist  in  the  central  particle,  suggesting  that 
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Fig.  9.  Valence-state  distribution  image  of  Lii+x(Tio.4Mn0.6)i-x02  particles  by  the  MLLS 
fitting,  (a)  ADF-STEM  image,  (b)  distribution  of  component  1  (spectrum  1  in  Fig.  8b), 
and  (c)  distribution  of  component  2  (spectrum  2  in  Fig.  8b). 


the  particle  contains  both  Mn3+  and  Mn4+.  The  Mn  atoms  may 
easily  release  the  oxygen  atoms  comparing  to  the  Ti  atoms.  These 
results  indicate  that  Mn  atoms  are  selectively  reduced  by  the  car- 
bothermal  reduction  treatment,  accompanied  by  the  morphology 
change  of  a  primary  particle.  The  reduced  Mn  ions  can  contribute  to 
the  capacity  in  the  initial  charge  process  by  the  oxidation  from 
Mn3+  to  Mn4+.  In  previous  reports  [20,21],  it  is  indicated  that  the 
reduced  Mn  in  Li2Mn03  or  Li2Mn03-LiM02  improve  the  electro¬ 
chemical  properties.  The  spatial  distribution  of  reduced  Mn  ions 
was  revealed  by  the  STEM-EELS  method  in  the  present  experiments 
with  nano-scale.  Present  STEM-EELS  experiments  revealed  that  the 
reduced  Mn  ions  are  not  uniformly  distributed  in  a  whole  sample, 
where  some  particles  contain  high  density  of  reduced  Mn  ions,  and 
others  are  mainly  composed  of  Mn4+.  Although  the  reason  is  not 
clear,  the  effects  of  the  reduction  process  seem  to  occur  inhomo- 
geneously,  depending  on  the  local  structure  or  composition.  The 
relation  between  the  distribution  of  reduced  Mn  and  the  transition- 
metal  compositional  variation  was  not  identified  in  the  present 
experiment.  There  may  be  a  possibility  that  Mn  atoms  in  Mn-rich 
regions  are  reduced  preferentially  because  Ti  atoms  are  never 
reduced  by  the  reduction  treatment,  while  we  have  no  apparent 
evidence  for  the  relation  between  the  transition-metal  distribution 
and  the  reduction  area  of  Mn. 

The  present  results  indicate  that  there  is  a  possibility  for  the 
further  improvement  of  electrochemical  performance  of  this  ma¬ 
terial  by  attaining  optimized  microstructures  or  local  compositions 
via  the  optimized  processes  of  formation  and  pre-reduction.  If  the 
compositional  distribution  of  transition  metals  becomes  uniform, 
the  formation  of  manganese-based  impurity  phases  such  as 
LiMn02  and/or  MnO  seem  to  be  prevented,  unless  the  high- 


temperature  reduction  processes,  which  may  enable  us  to  pro¬ 
duce  a  high  quality  sample  with  much  higher  Mn  content  (Ti 
content  less  than  30%)  without  forming  impurity  phases.  As 
recently  examined  [22],  in  the  case  of  Fe  and  Ni  substituted 
Li2Mn03,  more  uniform  distribution  of  transition-metal  compo¬ 
nents  surely  leads  to  better  electrochemical  performance.  Of 
course,  in  addition  to  the  uniform  compositional  distribution,  the 
uniform  quality  or  sizes  of  particles  may  be  also  important  to  attain 
uniform  reduction.  In  any  case,  it  is  crucial  to  perform  the  present 
type  of  electron  microscopy  observation,  closely  combined  with  the 
process  optimization  and  the  examination  of  electrochemical  per¬ 
formance,  which  should  provide  reliable  relation  among  the  pro¬ 
cess  conditions,  microstructures  and  electrochemical  performance 
in  the  near  future. 

4.  Conclusion 

The  following  conclusions  have  been  drawn  through  the  appli¬ 
cation  of  aberration-corrected  analytical  TEM  and  EELS  with 
monochromator  to  40%  Ti-substituted  Li2Mn03  positive  electrode 
material  before  and  after  the  carbothermal  reduction. 

1 )  The  distribution  of  Mn  and  Ti  was  clarified  by  the  STEM-EELS 
spectrum  imaging  method,  which  reveals  nano-scale  inhomo¬ 
geneous  distribution  of  the  two  species  inside  each  primary 
particle. 

2)  Reduced  Mn  ions  were  partially  identified  in  the  sample  after 
the  carbothermal  reduction,  while  Ti  ions  remain  as  Ti4+. 

3)  The  inhomogeneous  distribution  of  reduced  Mn  ions  among 
primary  particles  was  revealed  via  the  STEM-EELS  method  with 
higher  energy  resolution  by  the  monochromator. 

4)  The  reduction  of  Mn  is  accompanied  by  the  morphology  change 
of  primary  particles  as  porous  structures. 
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